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from "Mg by 2OO-MeV IT+ have ban dcteaed with W W  dctston, Differmtkl cmg sstionr M 
reported for y rays fnan the f m  excited mirmr states of *Na and *Mg in c 0 i n d r . n ~ ~  with positive 
pioas or protolg W in plrudc tclescops at 30, W, 90.12lT;and 1% anglcintegrated abso- 
lute crms Seaions and cnas d o n  ratios d%lg)/duNa) BR caiculatcd. Thee d t s  arc ann- 
pard with tbc prrdiaions of a Pauli-MoeLcd p b w a v e  impube approximation and the intranu- 
clear cascade and nrrkoll charge exchange rrraioo models Tbe planewave imp* approximation 
and the inuanudar mcadc calfuktions BcDerally agree with the angular dcpcndar+ of the upai- 
mental results but not tbe absolute magsinde. Thc nucicon charge exchange calculation does not 

Nwkar y rays in coincidarce with outgoing piaa or protoos fobwing singk-n&am 

I. INTRODUcnON 

The (T,TNI nudear reaction offas the potmtial of 
un- . gnuclearstructurrand,atthesametimc,of 
studying the propagation of a strong baryon 
the A, in the nuclear medium. Before this potential can 
be rrslired, however. a bcna undemanding of the raw- 
tion mechsnism must be dcvdoped. 

The (T,TN) reaction has bcm atcnsivdy studied using 
two g w r a l  types of expuimcnt. In one type of expai- 
w n t ,  the residual nucleus or speclfu: states of the residual 
nucleus are identified through radiochanical techniques 
(e.g., Refs. 1 and 2). or via detcdion of prompt dccxcita- 
tion y rays (cg., Ref. 3). Since no kinematical or angul.r 
information is obtained, these experiments integrate over 
both quasifree and nonquasifree components. 

Interest in the experiments has centend on the charge 
dcpadencc of the cross section ratios which were found 
to differ from the free a N  ratios. For example, the cross 
section ratio u(~+)/u(sr- ) for T induced neutron removal 
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from was found to have a value of V1.7 instcad of 
V 3 . I  

In the other type of experiment (e.g., Refs. 4 and 5). the 
outgoing pion or proton is detcaed With the proper 
geometry, the experimenter can selea qussirrac events; 
but only recently has the charged-particle energy rrsolu- 
tion become sufficient to identify the f d  nuclear state. 
In the work of Kyle et ai.,' the a+/n- ratio for p r o m  
tunoval from '60 was found to be as large as -40 at for- 
ward T angles. They attributed this increase over the free 
TN value of 9 to a reduction in the T-p quasifree ampli- 
tude through destructive interference with another p 
ccss. They identified the interfering proccs~ as AN 
knockout. 

The present study includes features of both types of ex- 
paiment by detecting prompt dccxcitation y rays in coin- 
cidencc with the outgoing pions or protons. It thus wm- 
bines kinematic information with the ability to measure 
excitation of specific nuclearstates. 

We studied 200 MeV a+ incident on a "Mg target. 

01986 The Amman Physical Society 1813 

. 



34 DONALD JOYCE et al  - 1814 

Outgoing charged particles (scattad P+ and knocked out 
protons) were detected by scintillator telescqm at 3W. 6(r, 
W, 12W. and 150 and identified by their dE/dX. Coin- 
cident nuclear y rays were detected in one of two Ge-tLi) 
daactors and identified by their energy. One can thus 
study several different (n,rN) d o n  channels. For ex- 
ample, "Na y rays in coincidence with a ?r+ or a p can 
result only from a dim% proton knockout with no charge 
exchange. z3Mg y rays in coincidence with a IT+ can re- 
sult only from a direct neutron knockout. On the other 
hand, 23Mg y rays in coincidence with a proton can only 
result from a charge exchange reaction. 

I4Mg was chosen as a target because single nucleon re- 
moval from '%g results in mirror nuclei "Mg and =Na. 
This provides a test of both single proton and single neu- 
tron removal mechanisms with pions. Furthermore, the 
single nucleon removal spectroscopic strengths ( 1 d5/] and 
lpl/z) far *'Na and I3Mg from ''Mg are concentrated in 
two low-lying excited states which y decay directly to the 
ground state! For both "Na and "Mg, the f m t  excited 
states ( ~ 0 . 4 5  MeV, have spectroscopic factors of - 4  
to 6, and the i- excited states (at 2.64 MeV in =Na and 
at 2.77 MeV in 23Mg) have spectroscopic factors of 2 4  as 
determined from the analysis of singlenucleon removal 
reactions on %g.6 This yields for the I' levels an occu- 
pation number C2S r 2 .  me-half the Idsn shell limit of 
4 in 24Mg. [C is the isospin coupling coefficient,. 
( T f r f  I 1 / ~ T N  I T i ~ i  )= m 2 . 1  Other bound excited states 
have considerably smaller spectroscopic factors. They 
predominantly feed the first excited state, but the com- 
bined effect of this y-ray feeding should be lcss than 
~ 2 5 %  of the o v d  strength of the first excited state if 
all states were populated in proportion to thdr  spectro- 
scopic factors. 

The suitability of a "Mg target for (n,nN) reaction 
work was established previously by the results of an in- 
clusive study of y rays from n reactions on "Mg.' The 
two above-mentioned states in =Na and 23Mg with large 
spectroscopic factom were strongly excited; there was no 
evidence for background y rays that might overlap these 
states. Another reason for the selection of a "Mg target 
was its suitability for a parallel study' of the angular 
correlation of y rays from br,n') scattering. 

A feasibility study of the techniques employed in this 
work was undertaken at LAMPF using a single gamma- 
ray detector in coincidence with a single charged particle 
telfxqe! The results of that study suggested the need to 
develop a large-scale coincidence measurement system 
sensitive to k c i t a t i o n  gamma rays, knockout nucleons, 
and scatted pions. Such an improved system was 
developed and used in the present work. 

11. EXPERIMENTALAPPARATUS 
AND PROCEDURES 

The experiment was performed with a 200 MeV n+ 
beam from the high-energy pion channel ( P 3 )  of LAMPF. 
This beam had a contamination of 6.6% p+ and 2.0% 
e+. The beam spot size was typically 2.5 cm in diameter: 
the muon halo was 7 cm. The momentum resolution was 
~ 0 . 5 % .  The target consisted of natural magnesium met- 

al (79% 24Mg) with an average thickness of 0.57k0.02 

The experimental geometry was defined by six scintilla- 
tion telescopes for charged particle detection and two 
W L i )  spectrometers to detect y rays (SIX Fig. 1). Each 
of the six particle telescopes consisted of six NE102 scin- 
tillatom. They were, solid angle defining R, energy loss 
A, and energy E, in addition to rear, left-side veto, and 
right-side veto scintillators. Each scintillator was coupled 
to a 5 cm photomultiplier tube, except for the E scintilla- 
tor, which was coupled to two 12.5 cm photomultiplier 
tubes, one at each end. The detector thicknesses were 
0.160 cm (a), 0.320 cm [A), 0.635 cm (vetos and rear scin- 
tillatom), and 15.75 cm ( E ) .  The dimensions of each tele- 
scope component were the same for each telescope with 
the exception of the R scintillators. The R scintillators 
for telescopes 1, 5 ,  and 6 at z3W and 15W had to be 
moved further from the target to avoid the beam halo: 
they were made correspondingly larger so that all the tele- 
scopg subtended the same solid angle. 

The R and A counters together ddined the solid angle 
(-0.18 sr) of each telescope, and the E scintillator daer- 
mined the particle energy. All three scintillaton were 
used for particle identification. The rear scintillator 
tagged particles which had not stopped in the previous 
scintillators. The two side veto scintillaton tagged parti- 
cles scattering out of or into sides of the E scintillators. 
During off-line data analysis, however, this feature was 
not used. Calculation of the tdescope solid angles was 
performed following the method of Gotch and Yogi: con- 
sidering the size and location of the R, A and E scintilla- 
tors for each telescope. All telescopes except number 6 
were mounted together on a pivoting table with their axis 

g/cm2. 

t 
A 300. 

Beom Profile Monitor 

Ion Chamber * 
FIG. 1. Experimental geometry. The rear and side veto 

counters surrounding each E counter are shown but not labeled. 



If 

000- 

E 2OO-MeV-u+-IM)UCED SINGLE-NUCLEON REMOVAL FROM %g 

1 
w 
f 600- 
a 
I 
V - 

400- 
U \ 
w 
0 

200- 

directly under the targci cmtaline Tdscopc 6 was 
mounted on a similar but smaller table pivoting on the 
same axis. 
Two GdLi) y ray spcctromaa~ were used in the 

Gamma-Tech 11% efficient daeaor. Both dctactors 

to tag charged particles entering them. Thy were mount- 

ing. One detector was located at -7Y and the other at 
- 122' relative to the pion beam line axis (see Fig. 1). Ad- 
ditional experimental details arc given in Ref. 7. 

The beam intensity was monitored with a 7.6 cm thick 
ion chamber filled with argon, and the beam profile was 
monitored with a LAMPF wire chamber system.'' The 
absolute cross sections were normalized to the differrntial 
inelastic r scattering cross sections from the 2+ state of 
*4Mg.'1 

The SIX telscops were calibrated in energy by tuning 
the channel for low-intensity protons at 50, 133, and 191 
MeV and placing each of the telescopes in the beam. The 
telescopes wete also calibrated with the pion and proton 
quasielastic scattering peaks from the expaimmtai runs 
as well as with the maximum energy deposited in the E 
scintillators for pions and protons. The telcscopc calibra- 
tion runs were also used to daamine the efficiencies of 
the six telescops. They were found to average (%+2)%. 

The energy responses of the two GdLi) detectors were 
paiodically calibrated by placing 5, %n, and "'Cs 
sources at the targa location. Well-known strong y-ray 
peaks in the experimental data provided additional energy 
calibration, including the 2'Mg and uNa first excited state 
to ground transitions. The maximum deviation of the 
calibration data from a linear fit wps 0.7 keV. Rdative 
and absolute GdLi) detector efficiencies were also daa- 
mined in the source calibration runs. 

A valid data went umsisted o f a  Coincidence bawsm a 
partlcle telscape signal and a GdLi) y ray. For esch 
went, putsc haghts were digitized for R. A, E (two pho- 

detectom. All data were read into a PDP-11 computa 
and written on magnetic tape for lata replay. 

Particles were identified from their A and E pulsc 
haghts using the method of Goulding er 01.~' A particle 
which passui complaely through the E scintilhtor (75 
MeV pions and 160 MeV pro tm)  as indicataj by the rear 
scintillator was treated using the method of hghd. ' '  
FIgurc 2 shows a typical dE/& w E dot plot (for Tdc  
scope 1,307, with the pions and protaas identified. 

Statistics were not suffcient to allow cuts on pion or 
proton energy. Figure 3 shows the spectrum in the GdLi) 
daector at 7 Y  in coincidece with a pion or a proton in 
any one of the six tdacopcs. Figure 4 shows the random 

The y rays in thesc spectra wae idmtXed by their en- 
ergy, and arcas were determined by summing channels 
and subtracting background. Cross d o n s  were calcu- 
lated from the rclative areas and from the GdLi) and the 
particle telescope cfficiiencia. As noted above, the c r o s  
sections were normalized to the 2 ' ~ ~  2+ differential in- 
&tic scattering cross sections of Bolger." Major sources 

1 present experiment. an ortec 9% &cient and a princeton 

were fitted with NE102 antimi- scintillator c u p  
.I 

ed on one rolling table to fadi ta t t  positioning and shidd- 

tomultiplias), and rear sdntillaton as wcll as the GdLi) 

(off timing palkt spectnun for this detector. 
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FIG. 2. A d E / d x  vs E doi plot for tclampc I at W. The E 
si& WBS from 
lator. 

of tk RK, phoUrmUltiplias Of t h t  rintil- 

of were the following: statistical errors, errors in the 
absolute normalizBtion to the inelastic data (215%). 
GdLi) efIicicncy calibration (=9%f, and telescope d i d  
angle determination (26%). 

In addition to the strong f m t  excited 2+ states at 0.439 
MeV in =Na and 0.450 MeV in *'M (see Fig. 3). there 
was evidencc for the fourth excited state in =Na at 
2.64 MeV, but its Doppler-bmsdencd width prevented a 
differential cross section mcasuranent. That  was no sign 
of its mirror statc in %g. 

8- 

% ' 260  460 600 800 IO00  
CHANNEL 

FIG. 3. WLi) 1 y-ray spectrum in Coincidmce with a u+ or 
p from *'Mg(u+,uN) in any one of the six parrifle tekrops 
(low- portion,. 
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charge ratios are compared with these models and also 
with a model that assumes final-state nucleon charge ex- 
change (NCX)." 

The INC predictions were based on 5X 104 cascades of 
200 MeV 7z+ on 24Mg. The code has no free paramaas. 
The program output was sorted to yield differential r+ 
and proton cross sections at the angles measured in the 
present experiment for events in which the final nuclw 
was 23Na or UMg in a bound state. Since only single nu- 
cleon emission was involved, that part of the d e  that 
evaluates evaporation subsequent to the cascade was not 
used. A 23Na or 23Mg nucleus was assumed to retain its 
identity if its excitation energy calculated by INC follow- 
ing the cascade was less than its known particle stability 
energy. Since the INC code does nof include details of 
nuclear structure or predict specific nuclear states calcu- 
lated contributions to the 23Na/23Mg bound states arcse 
from the entire nuclear volume and not just from the nu- 
clear surface (Le., Idsn shell nucleons). Hence the results 
were multiplied by the ratio 

III. COMPARISON OF ANGULAR DISTRIBUTIONS 
WlTH REACllON MODELS 

The experimental differential cross sections for produc- 
tion of the 0.439 and 0.4SO MeV y rays in coincidence 
with outgoing pions or protons are listed in Table I for the 
two GdLi) detectors. The averages (last column of Table 
I) were calculated using the inverse of the fractional errom 
as weights. Where two cross sections differed greatly, the 
errors were increased in order to be more conservative. 
Data from telescopes 1 and 6 were averaged to give one 
data point at 3W. 

The cross sections were extracted from the data by as- 
suming isotropic y ray correlation with the outgoing pion 
or proton. This assumption would be rigorously true for 
direct plane wave nucleon knockout and can be seen to be 
approximately true within experimental uncertainties by 
comparing the relative cross sections of GdLi) 1 and 2 
listed in columns 4 and 5 of Table I. [Ge(Li) 1 and 2 had 
an angular separation of W.] This absence of angular 
correlation is in contrast to the expected strong sin220rg 
correlation that was observed in this experiment for in- 
elastic 7z+ scattering to the 1.37 MeV first excited state of 
"Mg? (8, is the angle between the y ray and the inelas- 
tic momentum transfer direction.) 

Proton and pion diffemmtial cross sections were com- 
pared with predictions of an intranuclear d e  (INC) 
code developed by Fraenkel er al." and with the predic- 
tions of a simple plane-wave impulse approximation 
(PWIAI which assumes only a single collision of the in- 
cident pion with a nucleon. In Sec. IV, cross section 

0 

where S-(J'? is the spectroscopic factor for neutron or 
proton removal to a 23Na or "Mg bound state of spin par- 
ity Jp and RJp,++) is the relative fraction of y feuiing 
from an initial Jp state down to the f ' first excited state. 

factors and y branching ratios fmm Ref. 6; r A . 6  for 
both 23Na and 23Mg. The INC results quoted in the 
present paper have been r e d d  by this factor. 

The INC calculation showed that a large fraction 
(~90%) of production of a bound state of the A - 1 &- 
dual nuclei results from a single collision of the inadcnt 
pion on a nucleon with no further inlaaction. Further- 
more, in the calculation the probability of the residual nu- 
cleus bcing left with a given excitation decreased mono- 
tonically with increasing excitation en-. 

The PWIA predictions for the cross sections were cal- 
culated using the semianpirical free r N  phase shifts of 
Rowe er af.I6 The resulting cross sections were reduccd, 
at small pion scattering angles, by Pauli blocking using a 
degenerate Fermi sphere uniformly filled up to a momen- 
tum of kF=270 MeV/c. The Pauli blocking was calcu- 
lated from the quantity ( Y--N) /V ,  w h m  N is the phase 
space volume common to the Fermi sphere and a similar 
Fermi sphere whose Center is displaced by the free 7zN 
scattering momentum transfer to the nucleon, 
q=2k,sinO,/2. Y is the sphere's volume. This caused 
the resulting cross section at O,=CP to be 0 and at O,-W 
to approach the free r - N  CIUSS saction. This cross section 
was then multiplied by the ldrn proton or neutron occu- 
pation number for the first excited state, CzS;=2.2 de- 
fined above. It wlls ncceSSacy to additionally scale the re- 
sulting PWIA prediction to the data by multiplying by 
factors of -f to f. This indicates the predominance of 
other processes such as pion absorption and seoondary 
scatterings. 

The PWIA calculation was performed only to estimate 
the trends of the experimental data. It, however, demon- 

The sum is taken over ail bound levds using spectroscopt 'C 



20&MeV-a+-INDUCm SINGLE-NUCLEON REMOVAL FROM '%g 

TABLE I. Experimental differential cross sections for "Mg(a.aN). u,("Na) is the differential cross 
Section for production of the "Na first excited state (t', 0.439 MeV) in coincidence with a a+. Similar 
defiiitionS apply for the other cros sections. Results arc shown for each GdLi) defector and as an 
average which was wagbted by the fractional erron. Telscope 1 was averaged with tclescop 6 for the 
30- rsults. 

Angle MLi) 1 GdLi) 2 Average 
Reaction Tek=F (W (mb/sr) hb/sr) (mb/sr) 

oJDNa) I 30 7.3 f1.9 4.6 f1.2 5.2 fl.l 
6 30 4.8 f1.3 1.9 f1.3 
2 60 4.4 f l . 2  3.3 f0.9 3.9 f0.9 

4 120 6.3 i1.7 4.1 f l . 1  5.2 f1.0 
5 150 6.2 f1.6 4.2 fl.l 5.2 f1.0 

3 90 4.0 f l . 1  1.6 fO.5 3.0 f I . 0  

uJ "Mg) 1 30 1.5 f0.5 1.9 i0.5 1.4 i0.5 
6 30 1.4 +0.5 0.31 io. 15 
2 60 1.1 f0.4 0.74fO. 25 0.90i0.22 

0.97f0.30 0.92f0.23 3 90 0.82f0.34 
1.0 f0.25 4 120 1.2 f0.5 0.89f0.29 

5 I50 0.72f0.28 1.3 f0.4 1.1 f O . 3  

1 30 15.0 f4.0 16.0 f4.0 15.0 f4.0 
6 30 18.0 f4.0 11.0 f3.0 
2 60 4.8 f1.3 4.0 f l . 1  4.4 f0.9 
3 90 0.59f0.28 0.85f0.30 0.76f0.20 
4 120 1.5 f0.5 0.87f0.3 1 1.2 f0.3 

0.93f0.27 5 '  150 1.3 f0.5 0.45f0.20 
1 30 7.6 12.0 7.7 f1.9 5.8 f1.4 
6 30 5.1 f1.4 2.8 f0.80 
2 60 2.1 f0.7 1.3 f0.4 1.7 f0.4 

0.39f0.14 0.31f0.15 3 90 0.48f0.24 
4 120 0.45f0.25 0.59f0.25 O.UfO. 18 

0.28f0.15 0.69 io .  22 0.93f0.38 5 150 

strata the role of Pauli blocking in reducing the forward 
angle pion scattuing from the free nN. 

A. Pim mgdu distribution8 

Figure 5 shows experimental and calculated angular 
distributions for outgoing pions that are in coincidene 
with y rays from the first excited states of %g and 23Na. 
The solid curve represmts the Pauli-blocked PWIA re- 
sults described above; the open circles are the results from 
the INC calculation. Without Pauli blocking, the pion 
diffemntd cress secticm would rise steadily as t?* de- 
creases below -W. At O,=W, the PWIA cross section 
is reduced by a factor of - 2  dative to the free case. 
Both INC and PWIA calculations (and the data) display 
Pauli blocking with decreasing t?& the INC cross section 
falls off more rapidly than the PWIA cross section. ALI 
effest that could account for this discrepancy is nuclear 
shadowing of forward-scattered pions for the INC calcu- 
lation. In the PWIA calculation, this effect has not been 
included. 

E. Proton anguIar distributions 

Figure 6 displays the experimental angular distributions 
for outgoing protons in coincidence with y rays from the 

i " " " ' " 1  

. 
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FIG. 5. Differential cross seftions of outgoing a+ from 
"Mg(a+,T+N) in coincidence with y rays from the first excited 
states of "Na and "Mg compared with Pauli-blocked plane- 
wave impulse approximation IPWIA) and intranuclear cascade 
(INC) calculations. PWIA v a l u e  have been multiplied by 0.20 
for "Na and by 0.38 for "Mg. 
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FIG 6 L)lfferentlal cross mim of protons from 
'*Mg(~+,pl in coinc~dence with y rays from the first excited 
states of "Na and *'Mg compared with Pauli-blocked plane- 
wave impulse (PWIA) and intranuclear cascade (INC) calcula- 
tions. PWIA values have ban multiphed by 0 17 for "Na and 
by 0.28 for UMg. PWIA and INC values at backward angles 
arc < O  1 mb/sr and hence do not show up on the scrmloga- 
nthmic plot. 

first excited states of 2'Mg and 23Na. together with PWIA 
and INC results (solid curves and open circles, respective- 
ly). The angular distributions have the general shape of 
free x-N scattering, in which case no protons would be 
emitted at angles greater than 90: 

The E scintillator thickness (15 g/cm') was illsufficient 
to pennit derivation of pion magy spsua, but was ade- 
quate for determination of proton energy spectra by use of 
a foldback procedure.' The 30' and 60' y-coincident pro- 
ton spectra are shown in Fig. 7. The arrows indicate the 
energies for free xN scattering; the dashed lines indicate 
the INC results. Coincident proton spcctra for 0, tW 
had few totai counts; as expected, no peak was obsaved. 
The apparent differences betwecn the W spectra and the 
INC predictions may be instrumental: the steep left-hand 
shoulder is due to electronic low-energy cutoff, and the 
high-energy tail is partially due to scintillator energy reso- 
lution. The cross sections at  6lY were corrected for the 
low-energy cutoff. 

20 40 60 
CHANNEL 

FIG. 7. En* spectra of protons from 2'Mg(a+.p) detected 
at and 6(y in coincidence with y rays f m  the fiat excitcd 
states of "Na and "Mg compared with INC calculptiolls 
(dashed line). The arm- indicate the energies for free zN 
scattering. 

IV. DISCUSSION 

The experimental angle-integrated absolute cross sec- 
tions listed in Table I1 are - f to - of those predicted 
by the PWIA as discussed above. They are, however, 3 
times greater than those predicted by INC. Panicularly 
at the A resonance energy, the assumption of a quasifree 
xN interaction which is implicit in both PWIA and INC 
is questionable. The 200 mb free aN cross section at the 
resonance yields a spatial width of - 5  fm resulting in a 

TABLE 11. Expcrimcnul and calculated angk-integrated absolute cross sections for 
' " M ~ ( ~ + , P N ) ~ ~ M ~  (3'. 0.450 MeV) and "Mg(zC,o+p~3Na (++. 0.439 MeV). a- was calculated 
assuming nuclear Pauli blocking and nucleon occupation numbers given by C'S- (sec text). 

3 u r n  
UINC UWtA 

nuckus particle lmb) (mb) (mb) 

% 
OIm: Final Outgoing OaPl 

"Na f f+  5 2 f 9  19 2.7 263 0.20 
P 44f9 20 2.2 263 0.17 

Dm f f+ l l f 2  2.1 4.1 29 0.38 
P 16f3 3.9 4.1 58 0.28 
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"swdling" of the nucleon-pion system to a size mcom- 
passing up to two adjacent nucleons. This "sw&g" 
yields total r-nucleus cross sections that are typically 
tarice the nuclear geometrical cross section. For example, 
in "AI, the geometrical cross saction is -450 mb, 
whereas the total pion cnss section is -960 mb (Ref. 16) 
and is divided approximately equally among pion capture, 
nuclear elastic, and nonelastic procews. The cross sec- 
tions that mumin for producti~n of states observed in the 
present experiment are thus a small fraction of the total 
cross sections. Hence they would be sensitive to varia- 
tions in any of che above components. 

The ratios o,(UNa)/a,(UMg) for the P+ coincident dif- 
ferential cross sections have value of -4, approximately 
independent of ea (see Table I). This is in disagreement 
with the results of Kyle et al.' at T,=240 MeV in which 
the corresponding charge ratio R =o(~+)/cr(?;-) for 
'6CMr',r'p)'5N,,, reaches a very large value, R 2 30, f& 
forward angles, B,j35' .  Kyle el al. suggest that this 
enhancanent over the quasifree value of 9 comes from a 
reduction in the r - p  rross section, as r + p  enhaocanent 
is unlikely. In our experiment, however, the angle- 
integrated r+ coincident UMg ++ cross section. which 
corresponds to the r- cmss seaion of Kyk et al.. is rela- 
tive to PWIA, the largest of all four measured cross sec- 
tions (see Table II. column 7). It may be noted that the 
enhancement found by Kyle ef ai. occurs at scattering an- 
gles where Pauli blocking is predominant. 

Our r+ and p coincident 23Na cross sections are in 
agreement with equivalent cross sections obtained from 
'2C(r+,r+p) data of piawtzky et ai.,' who used a double 
arm spectrometer system. Their cross section values ap- 
proximately equal those for free r f p  scattering; and as- 
suming that four p shell pnxons are available, their effec- 
tive participation ratio is approximately '0.25, which 
agrees with our results for "Na (Table 11, column 7). 

greater than our equivalent r+ coincident "Mg c r c s  w- 
tion. 
As mentioned above, the INC pdc t ions  fall below the 

experimental results by a factor of ti. An examination 
of the particle histories generated by the INC code yields 
the following further information on the " M g ( r , a p )  mac- 
tion: 

(A) INC predicts total, elastic, and absorption cross sec- 
tions of 980,400, and 230 mb, respectively, in agreemekt 
with 960. 380 and 218 mb, as measured by Ashery et al." 
for 245 MeV r+ + "kl. 

(B) INC indicates that 75% of the A's decay before 
striking a nuclam. This is due to the short free decay 
length of the A (-0.4 fm) and is consistent with the 
PWIA calculation which indicates that only - of the A 
decays are Pauli blocked. 

(C) According to the INC results, pions fmm A decay 
predominately do not escape the nucleus; 75% of the 
pions from A decay strike a nucleon to reform another A. 
Using the A decay probability given above in (B), this 
yields an avemge of two sequential A's formed for each 
incident T,=200 MeV pion on the nucleus. In a single 
scattering, the pion loses an average of 60 MeV lab kinetic 
energy; after two or more pion scatterings through A for- 

However, th& 12C(r-,r-p) C ~ S S  %tion is -60% 

mation, T, will have dropped m i d a b l y  below m 
nance energy. INC yields a pion scattering mean free 
path & of 1.2 fm; cf. & = l A p u ~ ) - p 2 . 3  fm. (Pion ab- 
sorption occurs only through AN-+".) 
(D) INC indicates that approximately 70% of the p m  

tons resulting from A decay scape the nucleus without 
fiuther s c a m .  INC yields $=4.5 fm; this is in 
agreement with $= 1 /pup > 5 fm obtained from free, but 
Pauli blocked" NN total cross d o n s l p  and a *'Mg uni- 
form nuclear mat ta  density p calculated using a radius 
parameter of 1.315 fm." The INC result is also in a g e  
ment with estimates by Schifferzl Of the scattered A de- 
cay protons, approximately half undergo charge exchange 
before escaping in the INC calculations. Since only 30% 
of the protons do not escape, this yields a probability for 

(E) Approximately 40% of the total cross section for 
incident pions results in pion capture (AN-"), accord- 
ing to the INC calculation. Measurements by Ashery 
et aI. " indicate a ratio of capture-tetotat cross section of 
130%. 

The INC results discussed above suggest that pion mul- 
tiple scattering. occurring mainly by sequential A produc- 
tim and decay, is a prdominm t p m  being more im- 
portant (+12 fm) than nucleon multiple scattering 
($=5 fm), which was proposed some time ago" as a ma- 
p r  p- in pion-induced nudeon knockout at A res~- 
nance energies. In the latter process the nucleon from A 
decay undergoes subsequal incoherent nuclear scattering 
with a pmbbility of nucleon charge exchange (NCX), 
P4.1-0.2," as daamined from cross section ratios 
obtained in o['2C(a+."''~/a['2c~r-,x)"C] activation 
experiments.' In the p-t experiment, both r+ and p 
coincident cross sections for decxcitation y rays are deter- 
mined. Hence the present experiment provides a mom 
sensitive test of the NCX model than the previous activa- 
tion expaiments, which sum over these two final stafes. 
The NCX calculation predicts cross sections for the fi- 

MI stata %g+rr+ , "Mg+p, '-'Na+r+, and 
=Na + p to be in the ratio of (1 + 983:2:(9 + P):(9 + P). 
Since the "Na residual nucleus must be accompanied by 
both r+ and p. the final states 73Na + rr+ and 23Na + p 
must have the same cross sections regardless of the reac- 
tion model. Hence, the two experimental "Na cross sec- 
tions (see Table 11) were averaged, yielding 
~ [ ~ ~ N a ( a v ) ] = 4 8 & 8  mb. There are then only two indepm- 
dent cross section ratios. Let them be the ratios of 
urZ3Mg + r+] and @Mg + p] to ~ [ ~ ~ N a ( a v ) ] .  The first 
ratio, 

NCX of only = 15%. 

R I =a[ "Mg + r+]/u[ UNa(av )] =0.23 k0. 04 , 
yields Pz0.12tO.04, consistent with values of P obtained 
from activation work. (Quasifree R I = 1/9J However, 
the second ratio, obtained from the proton component-of 
the %g final state, has a value 

R2 =a[ UMg+p] /a[ ')Na(av )] ~ 0 .  33f0.M , 
yielding a negative value of P, -2.9kO.9. which is inum- 
sistent with NCX, even though the uncertainty is quite 
large. (Quasifree R2=2/9.) Because of electronic cutoff 
and the lack of scintillaton in the forward direction where 

i 
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the proton cross Section peals, we may be undercounting 
proton events and hence Rz. However, an increase in Rz 
would worsen agreemmt with NCX. 

A comparison of our experimental results with the re- 
sults of activation measurements can be made by sum- 
ming the measured r+ and p canponents of the %g 
cross section (see Table 11). This yields a ratio of 

u[ (%Ig + r+ )+ (%g + p)]/u[ '"a( av )] =0.56+0.06 , 
which, in turn, yields a value of P=0.24+0.07, consistent 
with the value of P obtained from activation measure- 
ments. 

The above results indicate that whereas the NCX model 
can explain inclusive cross section results like those ob- 
tained by activation measurements, it is inconsistent with 
the more exclusive cross sections obtained in the present 
experiment. In a recent paper, Ohkubo and LiuZ2 include 
the effects of quantum mechanical interference between 
quasifree and nonquasifree (NCX and ii charge exchange) 
reaction procsses using distorted waves. Their calcula- 
tions result in significantly better agreement with the ex- 
perimental results for '2C(r+,rN)"C cross section ratios' 
than the previously incoherent NCX  calculation^'^ In a 
subsequent papa Ohkubo e? 01.' conclude that both NCX 
and the interference effects decrease considerably in mag- 
nitude as the target mass is increased from A =  12. Thar 
results suggest that these effects are small for an A=24 
target. Hence these predictions and the results of the 
present experiment are in disagmmmt with the NCX 
modd (PWIA predicts P=O, in clear disagreement with 
all data). 

A two baryon procers in which an initial A subsequent- 
ly intancts with a nuclam in a (AMTs2 state can. by it- 
sdf, reproduce measured values of R I  and R2. Such a 
p n w s ~ ,  in which ODC of the (AMT-2 docay nuclams sub- 
sequently ranaim in the nucleus, yields R I = 0 . 2 2 ,  
Rz=0.37, i.e, values close to those observed. Although 
t h a t  has been evidence for a Pospble (AWT-2 attractive 
potential,u an examination of the magnitude of pion dou- 
ble charge exchange cross sections casts doubt on this p m  
cas. Even after allowing for the isospin m p l i n g ,  
which yields for pion double charge exchange a 
component - f. any AN contribution that is suffciently 
large to yield a masonable (r .rN) reaction would result in 

a pion double charge exchange cross section too high by at 
least a factor of 10. 

V. CONCLUSION 

The experimentally determined pion and proton dif- 
ferential cross sections for deexcitation y rays from the 
s +  i first excited states of z3Na and "Mg in coincidence 
with outgoing u+ or p from "Mg(n+,rM have been mea- 
sured and compared with the results of calculations bared 
on several ( r , rN) reaction models, in particular on a Pauli 
blocked planewave impulse approximation (PWIA), on 
intranuclear cascade !INC) models, and on charge ex- 
change of the outgoing nucleon (NCX). 

Both the PWIA and the INC calculations reproduce the 
approximate shape of the observed T+ and p angular dis- 
tributions, but not the magnitude. The PWIA calculation, 
which was done primarily to illustrate the trends in the 
data, resulted in cross sections that were a factor of - 3 to 
5 too large On the other hand, the INC calcularions, 
which can be considered absdute, w a t  a factor of  - 3  too 
small. These calculations indicate that rrscanaing of the 
outgoing piom is a mom important pnmss than rescatter- 
ing of the outgoing nucleons. The NCX modd is put to a 
more sensitive test by the present expaimmt than by p 
vious activation experiments, since r+ and p coincident 
cross scaion ratics for dccxcitation y rays BIT daamimd 
separately rather than together. The NCX results arc in- 
consistent with our experimental results. 
These comparisons suggest that a morc &ailed 

description of the r N  interaction in a nucleus, such as the 
A-hole model of Hirata, Lenz and may be needed 
for a better undastanding of the processes involved in the 
(r , rN) reaction. 
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